The surface structure of porous silicon used in desorption/ionization on porous silicon (DIOS) mass analysis is known to play a primary role in the desorption/ionization (D/I) process. In this study, mass spectrometry and scanning electron microscopy (SEM) are used to examine the correlation between intact ion generation with surface ablation and surface morphology. The DIOS process is found to be highly laser energy dependent and correlates directly with the appearance of surface ions (Si n ϩ and OSiH ϩ ). A threshold laser energy for DIOS is observed (10 mJ/cm 2 ), which supports that DIOS is driven by surface restructuring and is not a strictly thermal process. In addition, three DIOS regimes are observed that correspond to surface restructuring and melting. These results suggest that higher surface area silicon substrates may enhance DIOS performance. A recent example that fits into this mechanism is the surface of silicon nanowires, which has a high surface energy and concomitantly requires lower laser energy for analyte desorption. (J Am Soc Mass Spectrom 2007, 18, 1945-1949
D esorption/ionization on porous silicon (DIOS) [1] mass analysis is fundamentally different from other surface-based desorption/ionization (D/I) approaches [2] [3] [4] because it is largely dependent on the silicon surface structure and does not require a matrix. Other surfaces have also been shown to generate intact molecular ions into the gas phase, including GaAs and GaN [5] , immobilized carbon nanotubes [6] , silicon nanowires [7, 8] , and lithographically patterned and roughened silicon surfaces [9] . In particular, the porous silicon surface has demonstrated unique performance capabilities, allowing the analysis of a wide range of molecules [10] and peptide analysis at the 800 yoctomole level [11] . Given its novel means of generating ions, a more complete understanding on how these ions are transferred intact into the gas phase has practical as well as fundamental scientific implications for surface-based mass analysis.
The high surface area of the porous silicon surface is critical to DIOS performance [5, 12] . Porous silicon can have a surface area a million times greater than that of a planar surface (Ͼ100 m 2 /cm 2 of etched material). This high surface area significantly lowers the melting point of silicon; pore coalescence and structural collapse were observed at 900°C [13] , whereas bulk silicon melting occurs at 1410°C [14] . The driving force for this melting process is a reduction in surface energy of the porous silicon (0.2 J/cm 2 for porous silicon versus 0.0001 J/cm 2 planar silicon) [13] . In fact, the typical nitrogen laser energy (15 mJ/cm 2 -pulse) commonly used in DIOS is known to induce melting of porous silicon [15] . The laser surface heating and internal energy transfer are estimated to result in surface temperatures as high as 600 K [16] . Another observation supporting this idea is that lower laser intensities are required when DIOS is performed on silicon nanowires [7, 8, 16] , due to the extremely high surface area.
It is also important to note that the porous surface may serve as a proton source. Although it has been suggested that solvent or residual hydrofluoric acid (HF) provides sources of protons for DIOS [16] , surface heating [17] and photochemical processes [18, 19] are known to causes loss of surface hydrogen from porous silicon. The hydrogen-rich surface SiH x (x ϭ 1-3) [20] is a result of the anodic etching process in HF used to make the porous silicon. Although it is not clear whether hydrogen is lost as protons, hydrogen loss from the porous silicon surface does not fit a secondorder rate equation, suggesting loss is not strictly as molecular hydrogen [15] . In addition, the strong electric fields used in DIOS (25 kV) may enhance proton formation where the surface acts as an electron sink.
In this study, we examine the process of laserinduced surface restructuring as a driver for analyte desorption in DIOS. The surface area reduction could be in the form of surface melting and surface area rearrangement. The roles of solvent and residual HF in the D/I process are also investigated.
Experimental

Preparation of Porous Silicon Surfaces
Hydrofluoric acid (HF) and methanol were purchased from Fisher Scientific (Fair Lawn, NJ, USA) with the highest purity available. A detailed description of the preparation of DIOS surfaces is reported elsewhere [21] . Briefly, single-side polished, low-resistivity (0.01-0.02 ⍀-cm) N-type ͗100͘ 500 -550 m thick silicon wafers were obtained from Silicon Quest International (Santa Clara, CA, USA) and cut into 3.3 ϫ 3.3 cm pieces. These were then washed with methanol and blown dry with nitrogen. Etching was performed by clamping chips between a gold foil (anode) in a Teflon chamber, which was subsequently filled with 25% ethanolic HF solution. Illumination of the polished (top) side of the chip was accomplished using a model I-250 250 W quartzhalogen lamp (CUDA Fiberoptics, Jacksonville, FL, USA) filtered through a 100 spot mask. A platinum loop immersed in the HF solution served as the cathode. Etchings were performed in constant-current mode (5 mA) for 3 min using a Bio-Rad PowerPack1000 power supply (Hercules, CA, USA).
Surface Treatments
Etched porous silicon surfaces were rinsed with methanol and blown dry with nitrogen. Oxidized surfaces were prepared from the freshly etched porous silicon surfaces for 30 s with a stream (0.5 g/h) of ozone produced from a Expotech (Houston, TX, USA) ozone generator. All surfaces were baked at 150°C in a VWR 1430D vacuum oven (West Chester, PA, USA) using a Pfeiffer UNO 030B rotary pump (Nashua, NH, USA). After the vacuum baking, DIOS plates were cut into two pieces-one for vapor deposition and one for solvent deposition. Amines 1-tetradecylamine, 1-hexadecylamine, and octadecylamine (Aldrich, St. Louis, MO, USA) were vapor deposited onto the various surface treatments at the same time using a custommade atmospheric pressure desposition chamber. DIOS chips were suspended at the top of a glass chamber and were rotated above a mixture of amines heated to about 100°C, allowing the amine vapor to directly deposit onto the DIOS surface. The deposition time was about 30 s. Unfortunately, the current deposition setup did not allow a fine control on the amount of analyte deposited.
Mass Spectrometry and Surface Characterization
The DIOS approach uses a matrix-assisted laser desorption/ionization (MALDI) time-of-flight mass spectrometer where ions are observed as a result of nanosecond pulsed laser irradiation at 337 nm (pulse width ϭ 4 ns). Porous silicon chips were mounted to modified MALDI targets and mass spectra were collected using a Voyageur DE-STR (Applied Biosystems, Foster City, CA, USA). Data collection was performed with one laser shot per spot, ten shots per area, and five replicates per treatment. SEM images were collected on native (SiH) surfaces prepared as described using a FEI Quanta FEG 200F Scanning Electron Microscope (Hillsboro, OR, USA). Estimates of surface area reduction are based on SEM image analysis comparing the area of reflected electrons (bright areas) versus the total surface area. Time-of-flight secondary ion mass spectrometry (TOF-SIMS) was performed on native porous silicon surface using Physical Electronics TRIFT III (Chanhassen, MN, USA) with FEI Gold Ion Gun (Hillsboro, OR, USA).
Results and Discussion
Solvent Effects
The solvent has been suggested to promote the D/I of ions from porous silicon. In separate studies, the surface wetting properties of the solvent were previously demonstrated to play a role in D/I process [5] . In addition, the solvent and/or residual HF [16] may also serve as a proton source for ionization. It was therefore important to examine these solvent effects. To minimize the solvent effect, vacuum baking the DIOS surface and vapor depositing the analyte were used to minimize residual solvent on the surface. 1-Hexadecylamine was vaporand solvent-deposited onto the same DIOS chip in different spots. The concentration of solvent deposition was 1 nmol/L in methanol. Although this approach may not completely remove all solvent, if solvent or residual HF were critical to the D/I process, a strong reduction in DIOS signal would be expected. However, as shown in Figure 1a , no dramatic change in DIOS performance was observed between solvent-and vapor-deposited analyte, supporting the view that the surface itself is a primary proton source. This is consistent with the observation that silicon nanowires produced without HF [7] also have DIOS activity. Moreover, high ion intensity was observed with vapordeposited analyte, suggesting that surface wetting is not absolutely essential for the production of DIOS signal.
Laser Intensity, Surface Restructuring, and DIOS Activity
The laser-induced surface rearrangement of DIOS surfaces was examined using SEM imaging to measure surface morphological changes at different laser intensities. SEM images taken from single laser shot are shown in Figure 2 . Initially, the DIOS surface is characterized as a porous surface with 20 -100 nm pore size (Figure 2a; no laser irradiation) . Similar to the reported literature [13] , surface melting was observed upon laser irradiation: one pulse of 15 mJ/cm 2 -pulse results in significant surface restructuring (Figure 2b ) as characterized by an increase in surface roughness and pore size. The estimated surface area reduction is roughly 30% relative to the original DIOS surface by measuring the porous density in the SEM images. Irradiation with 110 mJ/cm 2 -pulse results in pore coalescence and the formation of what appear to be spherical structures (Figure 2c ) with essentially a loss in surface area (ϳ55% reduction relative to Figure 2a ). Given this surface area loss, it is expected that adsorbed materials (e.g., analyte of interest, hydrogen, and surface oxide) must desorb or ablate as a result of surface heating and restructuring. At extremely high laser power (Figure 2d , 970 mJ/cm 2 ), pores are melted and fused together with a complete loss of porosity (surface area).
To correlate surface melting and surface ablation, experiments were performed using DIOS surfaces dried at 150°C overnight under vacuum. Spectra from single laser shots, integrated over ten positions, were performed with five replicates for each laser setting. This analysis provides additional information of the surface species that is correlated with the changes in surface structure observed in the SEM images (Figure 2 ). Silicon oxide, (OSiH ϩ ), which has also been observed using TOF-SIMS (Figure 3a) , is observed at laser intensities Ͼ50 mJ/cm 2 and is consistent with the surface restruc- Figure 1 .
Comparison of the dependence of signal intensity on laser fluence for various sample and depositions: (a) solvent versus vapor deposited 1-hexadecylamine on a vacuum-baked DIOS surface. Solvent deposition of hexadecylamine was drop-coated with a concentration of 1 nmol/L solution. Similar curves were observed for tetra-and octa-decylamine (not shown). (b) Comparison of laser energy dependence on the DIOS of three aliphatic amines. The laser intensity for the onset of DIOS is observed to be 10 mJ/cm 2 for all three amines. Signals from all three amines have similar laser intensity dependence; initially increasing exponentially, then flattening out, and finally decreasing. Note that signal from the hexadecylamine is saturating the detector, explaining the flattened shape. The higher intensity of the hexadecylamine was probably due to more analyte materials deposited on the surface. Error bars reflect Ϯ1 standard deviation (SD) from the mean. turing to form bulk silicon resulting in the loss of the surface oxide. It is important to note that oxidation is thought to occur by the insertion of oxygen between silicon atoms resulting in OSiH [18] . At high laser intensities (Ͼ100 mJ/cm 2 ), silicon clusters are observed due to bulk surface melting and ablation (Figures 2d  and 3b ). It should be noted that surface oxidation with ozone was not found to significantly reduce surface ion detection or DIOS performance, suggesting that some oxidation occurs as part of the etching process or as a result of exposure to atmospheric oxygen. Figure 4 shows the laser energy dependence of DIOS with vapor-deposited 1-tetradecylamine. There appear to be three regimes of DIOS activity that are correlated with surface melting and ablation: Regime I, a strong dependence on laser intensity as observed between the onset of DIOS (ϳ10 mJ/cm 2 ) with an initial exponential dependence on laser intensity between 10 and 80 mJ/ cm 2 ; Regime II, a weak but positive dependence on laser intensity (80 -250 mJ/cm 2 ); and finally Regime III, where DIOS decreases with increasing laser intensity (Ͼ250 mJ/cm 2 ). These three regimes are bounded by the intersections with the OSiH ϩ and Si n ϩ ions as indicated by arrows in Figure 4 .
Considering Figures 2 and 4 , the three laser intensitydependent regimes support a surface restructuring-driven analyte desorption process: Low laser intensities provide small amounts of energy and results in localized surface changes (Figure 2b , Regime I) triggering desorption of analyte. This highly laser intensity dependent regime suggests that increasing the laser intensity will result in more efficient or larger-scale DIOS. As the laser intensity is increased further (Regime II, Figure 2c ), large-scale changes on porous silicon occur, including the loss of the outer surface species (surface oxide). Finally, at high laser intensities (Regime III, Figure 2d ), bulk surface destruction and ablation occur, which reduce analyte ions signal. This signal reduction was presumably due to signal suppression from Si x ϩ ions and possibly analyte encapsulation in the melted surface. These observations are consistent with surface reflectivity studies that attributed the large pores (formed at laser intensity Ͼ46 mJ/cm 2 ) to intense hydrogen evaporation from the melting porous silicon and boiling of the silicon [15] .
Although the above-mentioned results suggest a surface process, a strictly thermal desorption process is also possible and needs to be considered. For a strictly thermal process, desorption should depend on the heat of vaporization of the adsorbed analyte. Therefore, the threshold desorption fluence of DIOS would vary from molecule to molecule, which is typically not observed (for example, all peptides from a BSA digest are observed at the same threshold desorption fluence). In contrast, a surface restructuring/melting process would be expected to exhibit a threshold (surface rearranging/ melting point). To test this possibility, the DIOS behavior of two other aliphatic amines (hexadecylamine and octadecylamine) are analyzed and compared with the tetradecylamine. Because the molecular structures of these amines are very similar, the D/I behavior is expected to be similar. However, these three molecules have dramatically different vapor pressures (1.89, 2.90 ϫ 10 Ϫ1 , and 4.88 ϫ 10 Ϫ2 mTorr for tetra-, hexa-, and octa-decylamine, respectively, at room temperature). Therefore, one would expect the three amines to desorb at different laser intensities if DIOS were strictly a thermally driven desorption process. Figure 1b reveals that there is a threshold laser intensity onset of DIOS for all three amines at about 10 mJ/cm 2 and all desorption processes show similar laser energy dependence. This observation clearly supports that DIOS is dominated by a surface-driven process, albeit the thermal process cannot be completely ruled out.
Conclusion
DIOS signal, surface restructuring, and surface melting are found to depend on laser fluence. The correlation between the signal and changes in surface morphology suggests that the high surface area of porous silicon drives the desorption of analyte and the hydrogen content of the surface provides a source of protons for ionization. The DIOS process is found to be highly laser energy dependent and correlated with the appearance of surface ions (Si n ϩ and OSiH ϩ ). A threshold laser intensity for molecular ion formation is observed (10 mJ/cm 2 ), even with molecules having different vapor pressures, supporting a view that DIOS is driven by surface restructuring and not a strictly thermal process. The DIOS performance can be further improved by use . Three laser intensity-dependent regimes of DIOS of vapor-deposited tetraceylamine: Regime I is characterized by strong laser intensity dependence, II by weak but positive laser dependence, and III with negatively laser intensity dependence. These regimes are bounded by the intersections (arrows) with ablated surface ions OSiH ϩ ions and Si n ϩ (in this case Si 7 ϩ ). Native N͗100͘ silicon etched at 5 mA for 3 min. Similar laser energy dependent curves were observed for hexa-and octa-decylamine (not shown). Error bars reflect Ϯ1 SD from the mean.
of high surface area silicon substrates such as silicon nanowires [7] .
